Experimental Determination And New Correlations For Multi-Component Solid Solubilities In Supercritical Carbon  Dioxide by Reddy, N Siva Mohan
Synopsis 
 
 
Name of the candidate : N Siva Mohan Reddy 
Degree registered for : Ph.D. (Engineering) 
S.R. No. : 6010-120-091-06577 
Title : Experimental determination and new 
correlations for multi-component solid 
solubilities in supercritical carbon dioxide 
Research advisor : Prof. Giridhar Madras 
  Dept. of Chemical Engg., IISc, Bangalore 
 
 
The fluids that are operated above their critical temperature and pressure are 
known as supercritical fluids (SCFs). SCFs replaces the conventional organic solvents 
in the chemical processes due to their attractive properties such as liquid like 
densities, gas like diffusivities, negligible surface tension, lower viscosity and high 
compressibility. Carbon dioxide, being non-toxic, non-flammable with ambient 
critical temperature and moderate critical pressure, is the most widely used SCF in 
many chemical processes. Supercritical carbon dioxide (SCCO2) finds applications in 
industrial processes such as extraction and separation processes. The feasibility of a 
supercritical process can be determined from the solubility of solute in SCF. For the 
efficient design of a SCF process, the effects of temperature and pressure on the 
solubility of a solid should be examined thoroughly. In general, the solute of interest 
is not present alone; it is present along with many other components in the compound. 
The solute has to be extracted or separated from matrix of components. Therefore, it 
is important to determine the mixture solubilities in SCCO2. 
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The mixture solubility of a solute is not same as that of pure component 
solubility. The presence of the other component alters the solubility of the solute to a 
greater extent; hence the effects of the other components present along with the 
solute, temperature and pressure need to be known to understand the mixture behavior 
of the solute in SCCO2. The solubilities of solid isomers (ortho-, meta-, para-) in 
SCCO2 vary to a greater extent. This huge difference in the solubilities of isomers is 
due to interactions between the molecules. The high solubility of an isomer in SCCO2 
might be due to the solute-solvent interactions. The interactions between the 
molecules are significant in the solid mixtures solubilities in SCCO2. This research 
work focuses on experimental determination and modeling of mixture solubilities of 
solids in SCCO2.  
The solubilities of several pairs of isomers have been experimentally 
determined at different temperatures and pressures. These include the ternary 
solubilities of ntrophenols, nitrobenzoic acids and dihydroxy benzene isomers 
mixtures in SCCO2. The experimental solubilities of nitrophenol (meta- and para-) 
isomers mixture have been determined. This study includes the effect of temperature, 
pressure and each isomer on the ternary mixture solubilities of nitrophenol mixtures. 
The enhancements in the ternary solubilities of nitrophenols over their binary 
solubilities and the selectivity of SCCO2 for the nitrophenol mixture have been 
discussed in detail. The solubilities of dihydroxy benzene (ortho-: pyrocatechol, meta-
: resorcinol and para-: hydroquinone) isomers in SCCO2 have been determined at 
various temperatures and pressures. The ternary solubilities of pyrocatechol and 
resorcinol and quaternary solubilities of pyrocatechol, resorcinol and hydroquinone 
mixtures in SCCO2 have been investigated.  The effect of each isomer on the mixture 
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solubilities of other isomers has been included in this work. Selectivity for dihydroxy 
benzene isomers and variation of solubilities enhancements with temperature and 
pressure has been presented in this study. The equilibrium mixture solubilities of 
nitrobenzoic acid isomers (meta- and para) mixture have been studied. The variation 
of mixture solubilities and their enhancements with temperature and pressure has been 
thoroughly analyzed. Selectivity of SCCO2 for this nitrobenzoic acid mixture has been 
studied in detail.  
The increase or decrease in the ternary solubilities of the solid mixtures that 
have been considered in this study is due to the interactions between the molecules. 
The ternary solubilities of m-nitrophenol increase whereas they decrease for p-
nitrophenol for the nitrophenol solid mixture. Quaternary solubilities of dihydroxy 
benzene isomers (pyrocatechol + resorcinol + hydroquinone) increases compared to 
their pure component solubilities. The ternary solubilities of pyrocatechol increases 
while resorcinol decreases over the pressure range at different temperatures (except 
338 K) considered in this study. The mixture solubilities of p-nitrobenzoic acid of 
nitrobenzoic acid isomers increase to a greater extent. An average of separation 
efficiency of 70%, 85% and 90% has been observed for ternary solid mixtures of 
nitrophenol, nitrobenzoic acid and dihydroxy benzene isomers respectively.  
Modeling of high pressure multi-component systems is useful to understand 
the behavior of the mixtures. Moreover, the experimental determination of multi-
component solubilities of solids in SCCO2 is tedious and time consuming; hence the 
modeling of mixture solubilities is essential. The interactions between the molecules 
have been incorporated in the association theory and a five parameter equation with 
two constraints has been derived for binary systems. The new equation correlates the 
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solubilities of m-dinitrobenzene in this study along with 72 other systems available in 
literature.  
Seven new model equations have been developed to correlate ternary (2 for 
cosolvent (solid + cosolvent + SCCO2) systems; 5 for solid mixtures in SCCO2) 
solubilities of solids in SCCO2. A new model equation for cosolvent ternary systems 
has been derived by using the concepts of association of molecules. The model 
equation contains seven adjustable parameters with three constraints and correlates 
mixture solubilities in terms of temperature, pressure, density and cosolvent 
composition. The interactions between the molecules have been included in the 
association theory then the number of parameters decreased to five with two 
constraints. The performance of the newly developed equations has been evaluated for 
32 ternary systems with various cosolvents along with experimental data of m-
dinitrobenzene in methanol cosolvent of this study.  
The same association theory has been extended to ternary (solid mixtures + 
SCCO2) solubilities of solids in SCCO2 and two new equations have been derived 
with and without incorporating interactions between the molecules. Both the 
equations have five adjustable parameters with three constraints for the equation 
which has been derived from association theory alone and two constraints for the 
equation which has been derived by considering the interactions between the 
molecules in the association theory. A new model equation has been derived by 
combining solution model with Wilson activity coefficient model to account for non-
idealities of the solute. This equation has four adjustable parameters and no 
constraints on the parameters. The non-idealities of both solutes in the solution model 
have been included and two more equations with no constraints on the parameters 
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have been developed. One equation uses NRTL activity coefficient model which 
results in three adjustable parameters while the other equation with five parameters 
has been obtained from Wilson activity coefficient model for solid mixtures 
solubilities in SCCO2. The performance of the newly developed equations has been 
evaluated for the solid mixtures (ternary systems) in SCCO2. The equations with 
constraints make them limited for few systems and the equations with no constraints 
are able to correlate the solubilities of solids of all the ternary systems that are 
available in literature along with the generated ternary experimental data of this study.  
The quaternary solubilities of solids have been correlated by using a five 
parameter model equation which has been derived by combining solution and Wilson 
activity coefficient models. The equation for the quaternary systems does not have 
constraints on the parameters; hence can be applied for quaternary systems. The 
equation correlates the quaternary solubilities of solids in terms of temperature, 
pressure, density and cosolute compositions. 
Chapter 1 gives a brief introduction on the solubilities of solid mixtures and 
their behavior in SCCO2. Chapter 2 presents the experimental setup and the solubility 
data of binary, ternary and quaternary systems determined in this study. Chapter 3 
focuses on the models that have been derived to correlate the solubilities of solids in 
SCCO2. Chapter 4 discusses in detail about the results obtained in this research work. 
Chapter 5 briefly summarizes the work and presents major conclusions.  
The new equations that have been developed here are first of its kind for the 
ternary and quaternary systems. These equations give information about the non-
idealities of the systems. The nature of the interactions between the molecules can be 
determined from the parameters of the equations which incorporate interactions 
 vi 
between the molecules. The multi-component solubilities of the solids can be 
correlated by using the semi-empirical equations that have been derived in this 
research.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
